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Abstract  
In the last decades, most experimental efforts have been devoted to design 
bioactive glasses with enhanced biological and mechanical properties by adding 
specific ions to known bioactive compositions. Concurrently, computational 
research has been focused to the understanding of the relationships between 
bioactivity and composition by rationalization of the role of the doping ions. Thus, 
a deep knowledge of the structural organization of the constituent atoms of the 
bioactive glasses has been gained by the employement of ab initio and classical 
molecular dynamics simulations techniques. This chapter reviews the recent 
successes in this field by presenting, in a concise way, the structure-properties 
relationships of silicate, phospho-silicate and phosphate glasses with potential 
bioactive properties. 
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1. Introduction  
 
Bioactive glasses are widely employed for repair and replacement of diseased 
and damaged bone tissues, as bioactive coatings for bioinert metal/alloy implants, 
as toothpaste additives, and for several other biomedical applications[1,2]. 
Once in contact with body fluids, a rapid sequence of chemical reactions occurs 
at the surface of the bioactive glasses yielding to the formation of a 
hydroxycarbonate apatite (HCA) layer similar to bone mineral. HCA interacts with 
collagen fibrils to integrate with the host bone, giving rise to a strong chemical 
interface[3].  
Since bioactivity strongly depends on the release of ionic species in the 
physiological environment, a prerequisite for straightforward prediction of the 
bioactive response of glasses is the correct understanding, at atomic level, of the 
structural organization of the constituting components, and of their modifications 
occurring over (sub)-nanometer scales, when the glass composition is altered. With 
this knowledge, new glass compositions for biomaterials with more attention to the 
application needs of the end users can be rationally designed reducing development 
costs, and speeding up the time to market. 
Understanding the structure of glass is crucial but not trivial. The combination 
of advanced characterization techniques is required to collect different, 
complementary information of amorphous structures[4]. The data obtained often 
depict apparent contradictory structural evidences, and are of difficult 
interpretation. 
Thus, in the last years a fervent computational research activity has been carried 
out with the aim of supporting in the interpretation of the experimental results. In 
particular, atomistic computer simulations have shown to provide a detailed picture 
of the glass structures, and precious information on the structure-properties 
relationships of complex glasses[5–9]. In fact, the structural and dynamical features 
that control dissolution and bioactivity cover length and time scales accessible to 
molecular dynamics (MD) simulations[10-14] Therefore, computational studies 
have now remarkably advanced the understanding of bioactive glasses, as 
documented by the numerous reviews and perspective articles published in recent 
years[9,10,12,13]  
This chapter reviews the recent efforts to uncover sound relationships among 
the structure of crucial components and the physico-chemical properties of silicate, 
phospho-silicate and phosphate glasses with potential bioactive properties. 
The chapter is organized as follows: first computational details for classical and 
ab-initio MD simulations are given with emphasis on critical points for oxide 
glasses treatment, then some important structural descriptors derived from the 
computational simulations are described. Section 4 summarizes the key structural 
features of silicate glasses, and the determinants of glass bioactivity are discussed. 
Some important computational results that allow significant insight into the effect 
of dopants such as Mg, Sr, Zn, Ga, Al, Ce, … on glass structure are then reviewed 
and compared with the available experimental data. The salient features of the glass 
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surface are summarized in section 5. Finally, the computational description of 
Phosphate glasses is reported. 
 
2. How to obtain the Glass Structure models.  A brief overview of Classical 
and ab-initio Molecular Dynamics 
 
2.1 Classical Molecular Dynamics.  
The melt-and-quench approach commonly used to obtain glasses through MD 
simulations mimics the experimental process. In this approach, the glass structure 
is represented by a classical ensemble of particles in a box, interacting through 
empirical force fields.[14]   
The Newton’s equations of motion for each particle in the ensemble is solved 
with an iterative process: positions and velocities are updated in small increments 
of time, known as timesteps. Once equilibration is reached, the structure of the glass 
is obtained as an average over a large number (thousands or hundred-thousands). 
Large system sizes, on the order of ~104 atoms, is now accessible with a high level 
of accuracy, thanks to the accurate force fields now available.[15–18] Moreover, 
models of length size between 2 and 10 nm yield relevant structural properties for 
the glass dissolution with high statistical accuracy. 
The interatomic pair potential based on the Born model can be written as: 
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where qi and qj are the ionic charges, r is the inter-atomic distance, φij is the 
short-range interaction term, which accounts for of  the repulsion between electron 
clouds, van der Waals attraction, polarization effects and, when needed, bond terms.  
For ionic or partially ionic materials the rigid ionic model which neglect the 
ionic polarizability is the most commonly used. However, the atomic polarizability 
can be explicitly accounted for by modelling polarizable atoms such as the oxide 
ions with core-shell dipoles, i.e. two opposite charges connected by a harmonic 
spring.[19] 
Force fields, spatial (size of the box) and temporal (cooling procedure) 
dimensions of the MD simulation may have a considerable impact on the final 
atomic arrangement obtained[11]. Hence, the reliability of the structural model 
obtained is proved by the comparison with the experimental data.  
 
2.2 Ab-initio Molecular Dynamics.  
In ab-initio molecular dynamics (AI MD) the forces acting on the nuclei are 
computed from electronic structure calculations as the molecular dynamics 
trajectory is generated. The explicit treatment of electronic structure makes AI MD 
extremely useful, in terms of accuracy and predictability, for the study of systems 
difficult to parametrize, such as multi-coordination, and multi-oxidation states of 
species, reactivity at surfaces or dynamical processes in melts.  
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However, the increased in computational costs is significant, thus only relatively 
small system size (100–300 atoms) and time (10–100 ps) are affordable via classical 
MD. Therefore, statistically sound descriptions of medium-range features in glasses 
containing more than four oxides are still not obtained by these methods.  
 
2.3 Mixed classical-AI MD procedure.  
 
The computational protocol usually adopted in first-principles simulations of 
glasses consists in using as a ‘starting guess’ an initial structure obtained through 
classical MD with an empirical potential. [6,20,21]. A partial relaxation of the 
structure is then carried out at the ab initio level. However, restrictions due to the 
high computational costs prevent a full relaxation at the medium-range order, which 
usually remains completely determined by the quality of the empirical potential 
used to construct the initial structure. Therefore, the scope of these mixed 
classical/ab initio approaches is limited to the investigation of properties with local 
character.[22–26]  
 
3. Structural descriptors for bioactivity prediction  
 
The short and medium range structure features of the glasses can be extracted 
from the tree-dimensional models obtained by MD simulations. Besides the bond 
length, bond angle distributions, and coordination geometries of the constituting 
ions, other important  structural features at length scales beyond the first 
coordination shell affect the dissolution and the bioactive behaviour of the glass. In 
particular, the network connectivity, the coordination environment of network 
formers and network modifier cations, the tendency of cation to cluster and the 
formation of inhomogeneous regions [7,8,22,27], as well as the occurrence of chain 
and ring fragments[28], and the diffusion properties of modified cations[29]. Some 
of these structural descriptors used in almost all the papers reviewed in this chapter, 
are describe in the following paragraphs. 
 
 
 
3.1 The network connectivity  
 
The network connectivity (NC) of a glass is the most common structural 
descriptor used to predict the bioactivity[29]. NC depends critically on composition 
being defined as average number of bridging oxygen atoms per network former. In 
general, highly bioactive glasses are characterized by a low network connectivity 
(≤ 2.5), denoting a fragmented silicate matrix, mainly constituted by linear polymer 
chains. In this case, the release of –O–[Si–O–]n chains needed for biodegradation 
requires breaking a lower number of Si–O bonds compared to highly ramified 
structure characterized by Q3 and Q4 silicate units (Q designates ‘quaternary’ and n 
the number of bridging oxygens (BO) connected to other network former cations.) 
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(Figure 1a,c). The presence of hydroxyl groups in sol-gel glasses yields an actual 
NC lower than that calculated from the nominal composition [30].   
NC as calculated from the nominal molecular formula only[29]  is an average 
value and relies on two assumptions: a) the glass is homogeneous in nature; b) when 
a bridging oxygen has been replaced by two non-bridging oxygens, the bond is 
completely broken. However, a) in multicomponent glasses segregation of ions in 
specific region gives rise to heterogonous glasses (for example, fluorinated 45S5 
bioglass presents silicate-rich and silicate-poor regions[31–33], and b) the 
disrupting effect on the network can vary depending on the type of modifier cation 
introduced (i.e. Na has a more disrupting effect compared to Ca, which can also 
assume the intermediate role of charge compensator).  
In this respect, NC computed by computer simulations as weighted average of 
the Qn distributions of network former ions is more appropriate. It is defined as: 
 
𝑁𝐶 = ∑ 𝑥𝑛 ∙ 𝑛
4
𝑛=0         (2) 
 
where xn is the percentage of the Q
n species (n = 0, 1, 2, 3, 4). It can be computed 
over all the three-dimensional model of the glass and/or in specific zones when 
mesoscale segregation of network occurs, and the real effect of cations with 
intermediate network-former/modifier character can be taken into account, as 
shown in the following paragraphs.  
 
3.1.1 Strength of the glass network  
 
A theoretical structural descriptor that estimates the degree of connectivity of 
the network and its overall strength (Fnet) has been derived to take into account the 
different energetics of the X-O and X-F bonds in fluorinated bioactive 
glasses[8,31]. Fnet is obtained by using the formula: 
 
𝐹𝑛𝑒𝑡 =
1
𝑁
[∑ ∑ 𝑛𝑖 ∙ 𝐶𝑁𝑖𝑗 ∙ 𝐵𝐸𝑖𝑗 ∙ 𝑚𝑖𝑗
𝑎𝑛𝑖𝑜𝑛𝑠
𝑗
𝑐𝑎𝑡𝑖𝑜𝑛𝑠
𝑖 ]   (3) 
 
where N is the total number of atoms, ni is the number of atoms of the i
th species; 
CNij is the mean coordination number of ij pairs atoms (i = Si, P, Zn, Na, Ca; j =O
2–
, F–) whereas BEij are the gas phase bond enthalpies. The multiplicative factor mij 
represents the maximum number of SiO4 and PO4 units linked to the i–O or i–F 
bonds, and tunes the contribution of each bond to the overall network strength. 
 
3.1.2 Strength of modifier-mediated cross-link interactions 
 
It is generally assumed that the variation in the ion strength depends on the 
number of O–M–O inter tetrahedral connections. 
Thus, an evaluation of the overall strength of modifiers which mediates cross-
link interactions in the glass can be obtained from the MD structure, by combining 
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the density of the inter-tetrahedral links T formed by each modifier cation M with 
the corresponding M–O ionic bond strength.[34,35]  
In particular, a linear combination of the NC, T and RM-M (see next paragraph 
for definition) descriptors: 
 
𝑠 = 𝛼 ∙ 𝑁𝐶 + 𝛽 ∙ 𝑅𝑀−𝑀 + 𝛾 ∙ 𝑇𝑀              (4) 
 
has been derived and used to understand the behavior of known compositions 
of yttrium-doped bioactive glasses, and extrapolate this insight to new potentially 
interesting compositions[36]  
 
3.2 Clustering of network and modifying cations 
 
Clustering effects have important consequences on ion mobility, 
repolymerization of the silica network, and crystallization tendency. Therefore 
these are key factors in biodegradation since they may inhibit or enhance leaching 
of the ions in the surrounding environment. 
The ratio RX−Y between the number ions of Y found around the coordination 
sphere of X computed from the MD model and that expected from a homogeneous 
distribution of the X-Y cations is a statistical measure of the tendency of the X and 
Y cations to cluster in the glass matrix. The ratio is computed such as RX−Y = 1 
indicates that the uniform distribution is respected (i.e. no clustering), while RX−Y 
> 1 implies spatial clustering[37,38] If X=Y self-aggregation is accounted for.  
An important issue that involve ion clustering is the pronounced devitrification 
tendency of bioglasses. The highly disrupted silicate network facilitates the 
rearrangement of the structural units to form critical size nuclei for crystallization. 
Partial crystallization will not necessarily reduce the bioactivity, depending on the 
crystal phases forming and the composition of the remaining glass phase[2]. A 
simple descriptor for predicting the crystals that could separate from glasses has 
been proposed[39,40]. Based on the assumption that the nucleating tendency 
depends on the structural similarity between the glass and its isochemical crystals, 
the algorithm analyzes the stoichiometry of different spherical regions in the bulk 
glass and it with the stoichiometry ratio of compositionally equivalent crystalline 
phases stored in a database. 
 
4. SiO2-based bioactive glass systems 
 
Silicate-based glasses exhibit bioactivity only over a relatively narrow range of 
compositions.  
The 45S5 Bioglass (46.1% SiO2, 24.4% Na2O, 26.9% CaO, 2.6% P2O5, in mol 
%), was the first material able to form an interfacial bond with host tissue, when 
implanted in rats[41]. Kokubo and co-workers[42] demonstrated that also P2O5-free 
Na2O–CaO–SiO2 glasses are bioactive with the rate of formation of the biologically 
active apatite layer similar to that of 45S5 Bioglass.  
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However, numerous recent investigations conducted both in vitro and in vivo 
reveal that the presence of P enhance the bioactivity[1]. The rate at which Ca, P, Si 
ions enter the fluid surrounding the glass[43], which is crucial for triggering the 
osteoblast activity, strongly depends on the amount of phosphate units into the 
glass. Moreover, the ion release also controls the local pH and the presence of P 
avoids excessive acidity that inhibits bone bonding[44]. 
 
 
4.1 Structure of bioglass 45S5  
 
The atomic structure of silica glasses is determined by the silica tetrahedra 
connected by –Si–O–Si– bridging oxygen bonds (Figure 1a). Silicon is therefore 
the glass network-forming atom. Network-modifying cations (e.g. alkali and 
alkaline-earth metal oxides) can disrupt the network by forming non-bridging 
oxygen (NBO) bonds such as Si–O- Na+ (Figure 1b).  
The medium-range order around the network-forming cation is expressed as Qn 
species distribution where Q designates ‘quaternary’ and n the number of BO 
oxygens connected to other network former cations ranges from 0 to 4. (Figure 1c) 
Qn therefore provides a direct link to the polymerization degree of the structure. 
Thus, Q4 describes a three-dimensional network, Q3 – two-dimensional sheets, Q2 
– chains and rings, Q1 and Q0 correspond to isolated dimers and tetrahedra, 
respectively. 
The results of a pioneering MD-GIPAW[26] study on 45S5 bioactive glass 
clearly showed and confirmed that the host silica network is described by a 
trinomial Qn distribution consisting of chains and rings of Q2 Si (67.2%) SiO4 
tetrahedra cross-linked with Q3 Si (22.3%) species and terminated by a low quantity 
of Q1 Si (10.1%) species[25] . 
The structural role of phosphorus in bioglass has been debated for long and only 
recently been clarified. The controversy regarded its presence as orthophosphate 
units (Q0), with charge balanced by sodium and/or calcium, (31P and 17O NMR) or 
in mixed silicate/phosphate network containing Si-O-P bonds, and originated both 
by the results of NMR experiments[45–47] and theoretical studies.[12,25,27,48,49] 
It is now recognized that while the majority of phosphorus atoms are present as 
isolated orthophosphate tetrahedra, small amounts of Si-O-P bonds (~8%) are also 
present at high P2O5 content[50].  
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Figure 1. a) A fragment of branched network chain in 45S5 (modifiers have been 
removed for clarity) yellow ball: silicon; red ball: oxygen; purple ball: phosphorus; 
b) interaction of Na and Ca ions with the silicate network, and , c) three dimensional 
representations of the different Qn species (central atom). Figure 1a is adapted with 
permission from ref.[51], copyright 2011 American Chemical Society. Figure 1c is 
adapted with permission from ref.[26], copyright 2013 Royal Society of Chemistry.  
 
These orthophosphate groups are surrounded by modifier cations for charge-
balancing purposes, and it has recently be shown that the P atoms in short-range 
scale phosphosilicate glasses are randomly distributed in the glass. In particular, 
across a short-range scale inferior of 450 pm. The disperision of the phosphate-ions 
is independent on the degree of polymerization of silicate network and nearly 
independent of the P content of the glass in the range of 1−6 mol % P2O5 [52].  
While early MD simulation experiments[53,54]  have reported different Ca and 
Na distributions in series of glasses with increased P2O5 content, a random 
distribution between the silicate rich regions and the phosphate rich regions of the 
glass structure seems to be preferred in the bioglass 45S5.[2,23,48,54]. 
A recent study carried out with a mixed computational (MD) and experimental 
(NMR) approach[55] has investigated the intermixing of network modifying 
Na+/Ca2+ ions around the silicate and phosphate tetrahedra in a wide series of  soda 
lime phosphosilicate glasses, whose P content and silicate network connectivity 
were varied independently. The extent of Na+/Ca2+ ordering around a given Qn of 
Si or P computed by MD simulations indicates that Na and Ca ions intermixed 
nearly randomly. The overall weak preferences are essentially independent of the 
Si and P contents of the glass, but depend of the total amount of network modifiers. 
9 
 
The most negatively charged P Q0, and Si Q1, and Q2 groups present in 45S5 
bioactive silicate glass, show the strongest preferences for the divalent Ca2+ cations, 
but this preference becomes less pronounced by increasing the total amount of 
network modifiers, whereas the preference of the lower-charged P Q1 and Si Q3 
species for Na+ cations increases. 
Very recently, the structural features of a series of 45S5 bioactive silicate glass 
derivatives spanning a wide range of Na, Ca, Si, and P compositions has been 
reported[56]. The results from MD and NMR studies shown that it is possible to 
obtain both a rapid degradation of the glass network and fast dissolution of 
biologically active ions by a fine tuning of network connectivity and of the amounts 
of readily released orthophosphate ions. On this process, the propensity of P to be 
arranged in orthophosphate groups detached from the glass network is the key 
factor.  
 
4.2 The structure-property relationships of substituted bioactive glasses 
 
Over the last decade, research activity has been focused on adding modifier ions in 
bioactive glasses to increase their potential therapeutic benefit. A certain degree of 
flexibility in glass composition allows for addition of several elements in different 
concentrations [57], thus improving their physical-chemical properties for specific 
applications. For example, the strength, toughness, and elastic properties, which are 
a major bottleneck for the resistance of an implant against mechanic loads; high 
solubility may be the major disadvantage of bioglasses when used for long-term 
implants, since most of the released ions may be transported away from the region 
near the implant from the biological fluid prior to the formation of new bone.  
However, the same property, high solubility, can be exploit to release specific ions 
with therapeutic action in the human body exactly at the site where they are needed, 
with minimized side effects. Furthermore, by controlling the rate of bioactive 
glasses dissolution through variation of the glass network connectivity and the type 
of modifier or intermediate ion, long term sustained therapeutic effects can be 
obtained [2].  
In the following, we review the contribution of molecular simulations studies to the 
understanding of the composition–structure–property relationships obtained by 
several additive ions, such as magnesium (Mg), strontium (Sr), zinc (Zn), aluminum 
(Al), gallium (Ga), Cerium (Ce) and fluoride (F). 
 
4.2.1 Magnesium-bioactive glasses 
 
The replacement of CaO for MgO in glasses derived from the parent 45S5 
Bioglass (46.2SiO2·24.3Na2O·(26.9 − x)CaO·2.6P2O5·xMgO where x = 0, 5, 10, 
15, 20, and 26.9 % mol) produces significant changes on the structure, chemical 
durability, and elastic properties as detected by means of molecular dynamics 
simulations[35].  
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The results show that the Mg ions are mainly 5-fold coordinated; however, non-
negligible amount of 4- and a small amount of 6-fold coordinated species are also 
observed as a function of the MgO content. 
The total number of NBOs in the glass is unchanged with respect to the 45S5 
Bioglass, therefore the overall network connectivity (NC) with an open structure 
dominated by Si Q2 species is also similar. Differences are instead observed in the 
small number of shared edges between MgO5 and SiO4 polyhedra with respect to 
the CaO6−SiO4 ones. In fact, the higher field strength of Mg allows the coordination 
from NBOs belonging to different tetrahedra only. Thus, the larger rings formed 
improving  the solubility and the melt viscosities of Mg-containing silicate glasses.  
Segregation of modifying cations is observed: Na and Ca are found in the 
phosphate rich regions, whereas Na, Ca, and Mg ions are homogeneously 
distributed in the silicate matrix. Ca and Mg manifest a clear preference for low-n 
Q silicate sites whereas the Na ions are preferably found around high-n sites. 
Therefore, an increasing of the Na leaching is expected because weaker interactions 
of sodium ions with bridging oxygens of high-n Si Qn sites facilitate Na diffusion 
as reported for soda-lime glasses[58]. 
On these basis, the authors suggest that MgO content below 10 mol% would 
improve the mechanical properties of bioglass 45S5, preserving good bioactivity. 
The inserction of higher field strength Mg ions in alkali-free bioactive glasses 
also results in a decreasing in network connectivity. In this case, the expected 
increase in bioactivity was indeed confirmed by in vitro bio-mineralization 
activity[59]. 
 
 
 
 
3.3.2 Strontium-bioative glasses 
 
The effect of the SrO/CaO substitution on the glass structure and diffusion of a 
series of bioactive glasses was studied by Du and Xiang[51,60] using MD 
simulations. Although in biomedical applications the SrO concentration is usually 
below 5 mol%, a wide range of Sr concentrations was used to understand the 
strontium substitution effect: 46.1SiO2·24.4Na2O·(26.9-x)CaO·2.6P2O5·xSrO with 
x=0, 1, 5, 10, 15, 20 and 26.9 % mol. It was shown that the substitution does not 
considerably change the medium range structure although a linear increase of glass 
density and decrease of molar volume as a function of Sr addition was found. Ca 
and Sr ions were preferentially distributed around phosphorus ions. Therefore, the 
authors concluded that the enhanced dissolution rate in Sr containing glasses is 
mainly due to the increase of free volume and the non-local effect that weakens the 
silicon-oxygen network of these systems. 
Ionic diffusion MD studies on three bioactive glass compositions (from 46 to 
65 mol% SiO2 and 5 % mol SrO/CaO)[60] showed higher diffusion coefficient and 
lower diffusion energy barrier for sodium with respect to calcium and strontium 
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(see Figure 2); the diffusion coefficient of modifier cations decreases significantly 
with the increasing of silica content. This phenomenon explains the observed 
decreased solubility and bioactivity in SrO/CaO substituted bioactive glasses. 
 
 
Figure 2. Diffusion pathways of three atoms: Na, Ca and Sr. Trajectories from MD 
simulations for 45S5-5Sr glass at 2000 K in the duration of 20 pico-seconds. Pink 
ball: Sr; blue ball: Ca; green ball: Na; small yellow ball: Si; small purple ball: P; 
small red ball: O. Figure is reprinted with permission from ref.[60], copyright 2012 
Elsevier. 
 
3.3.3 Zinc-bioactive glasses 
 
Several MD studies devoted to the optimization of the Zn content on glasses 
based on the Bioglass 45S5 have been carried out in order to obtain glasses with 
preserved bioactivity and an optimal zinc oxide releasing rate[40,49,61–63]. These 
represent the first example of a complete cycle in rational glass design reported in 
the literature obtained by means of the Quantitative Structure-Property 
Relationships (QSPR) approach[8]. 
Two series of glasses, prepared by enriching the parent 45S5 bioglass with 
different percentages of P and/or Zn were analyzed:   
(2-y)SiO2∙1Na2O∙1.1CaO∙yP2O5∙xZnO, (x=0, 0.13, 0.62, 0.78; y=0.10, 0.20, 
0,36 % mol). The salient feature that emerged is that Zn is always 4-fold 
coordinated and copolymerized with the Si; producing a reinforced network with 
respect to the parent glass.  Moreover, Zn favors the insertion of phosphorous into 
the network, progressively incorporating it into the network as zinc concentration 
increases. A highly ramified Si−Zn−P network is thus formed (see Figure 3) with 
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a uniformly distribution of Na ions and segregation zones for the Ca ions in close 
proximity to Si and P.  
 
 
Figure 3. Snapshot of the simulated 45S5 (left) and HP5Z5 (right) glasses showing 
the zone rich in isolated P tetrahedra characteristic of the 45S5 bioglass and the 
−Si−Zn−P−Zn− stings formed in HP5Z5. Si is represented in yellow, Zn in violet, 
P in green, O in red, Na in pink, and Ca in blue. Figure is reprinted with permission 
from ref.[49], copyright 2005 American Chemical Society. 
 
These emerging picture explains the slow rate of Zn dissolution into the 
contacting media and the decrease in the overall reaction rate of the Zn containing 
glasses. In fact, the rapid exchange of Na+ with H3O
+ ions present in the solution 
(first step of glass degradation), is hindered by the progressive reduction of suitable 
percolation channels for Na ions diffusion as a function of Zn addition. In addition, 
the Na ions mobility is also reduced by the strong electrostatic attraction of the 
(ZnO4)
2- tetrahedra. Therefore, high concentrations of Zn seem to be responsible 
for the drastic reduction in the overall leaching activity of the glass and of its 
inability to form HA. To compensate these effects higher percentages of P2O5 with 
respect to the parent 45S5 bioglass can be added.  
HZ5 (x=0.16, y=0.0) and HP5Z5 (x=0.16, y=0.20) were chosen for further 
experimental studies on the basis of the results of the QSPR study. Chemical 
durability tests in water and in-vitro observations in a cellular medium[64,65]  
confirmed that the HP5Z5, but also the HP5Z10 (x=0.32, y=0.20) glasses manifest 
the pre-requisite for bioactivity, since they are able to form a HA layer on their 
surface after soaking in SBF solution. Moreover, the HZ5 and HP5Z5 glasses (not 
HP5Z10) were selected from cell culture tests with MC-3T3 osteoblast cells and 
related cytotoxicity tests as optimal compositions for cell adhesion and cell growth. 
Finally, in vivo experiments performed on HZ5[66] showed glass degradation 
processes and rates comparable to 45S5.  
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3.3.3.1 Alkali-free Zinc bioactive glasses  
 
Insights on the structure of alkali-free bioactive glasses co-doped with 
strontium, magnesium and zinc have been gained by combining molecular 
dynamics simulations with solid-state nuclear magnetic resonance spectroscopy 
[67–69].  
The results showed that the silicate network connectivity of Zn2+/Mg2+ and 
Ca2+/Sr2+ substituted glasses remains typical of highly bioactive compositions. This 
phenomenon is due to a similarity in coordination propensity of Zn/Mg and Ca/Sr: 
both Zn and Mg show a preference to be coordinated to ∼5 NBOs form SiO4 
tetrahedra, whereas Ca and Sr are always coordinated to ∼6 NBOs form SiO4 
tetrahedra. Although an increase in the Zn2+/Mg2+ and Ca2+/Sr2+ ratios does not 
affect the network connectivity, the chemical degradation of the resulting glasses 
decreases, but no negative effect on the apatite-forming ability is observed.  
The authors justified the lack of a straightforward correlation between the 
network connectivity and the dissolution behaviour by invoking a strategic role of 
the specific chemistry of ionic species in the glass, including valence and ionic radii. 
 
3.3.4 Fluoride-bioactive glasses 
 
Fluoride doped 45S5 bioactive glasses are used as dental biomaterials with 
enhanced biocompatibility, acidic resistance of enamel, and inhibition of alveolar 
cavities. Moreover, in these glasses flourapatite (FAp) production is preferred over 
the HCA, since FAp is chemically more stable and less dissolvable at low pH 
condition[70].  
The release of ionic species (fluoride in particular) in the physiological 
environment is critical for the suitability of these glasses for biomedical 
applications, therefore a very accurate picture of the structural organization around 
fluorine is needed. The results obtained by several studies focused on the effect of 
fluorine addition to bioactive and other silicate glasses, are often contradictory. In 
particular, two questions have been deeply debated: what is the affinity of fluorine 
to silicon, and in the presence of more than one modifier species, how does fluorine 
prefer to bond to them?  
 Computational simulations carried out both by ab-initio and classical 
MD[31–33] and mixed computational simulations and NMR measurements[48] 
agree in depicting the same scenario of F almost exclusively coordinated to 
modifier cations (Ca and Na) with no clear preference for either ion, and with 
coordination number close to 4. Figure 4 reports the most common coordination 
environments found in Car-Parrinello MD simulations.[48] No appreciable amount 
of Si−F bonds is detected, with only very few (<2%) of such bonds observed in the 
glasses with the highest fluorine content. The most important characteristic of these 
systems is the marked affinity of fluoride to sodium and calcium which leads to the 
absence of Si−F bonds.  
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Figure 4. The most common fluorine environments found in fluorinated 45S5 
bioglass. F, Na and Ca atoms are represented as cyan, violet and green spheres, 
respectively. Si and O atoms are represented as yellow and red sticks, respectively. 
Figure is adapted with permission from ref. [48], copyright 2012 Royal Society of 
Chemistry. 
 
The segregation of ions into two separate regions (alkali-fluoride-rich and 
phospho-silicate-rich) leads to a network more polymerized with respect to the F-
free bioglass, with important consequences on the dissolution of F anions from the 
glass (Figure 5).  
Since ion clustering in low-silica regions is associated with higher durability 
and lower bioactivity of glasses[71] this phenomenon can prevent or reduce the 
formation of the silica gel layer in fluorinated bioglass with significant differences 
in surface reactivity with respect to F-free 45S5 bioactive silicate glass[31,72].  
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Figure 5.  Snapshot of glass structure HCaCaF2 15%. In the white circle, is seen 
the microsegregation zone of Ca, Na and fluorine ions. Green, blue, violet, cyan, 
yellow and red spheres represent F, Na, Ca, P, Si and O ions, respectively. Figure 
is reprinted with permission from ref.[33], copyright 2008 American Chemical 
Society. 
 
3.3.5 Gallium/Alluminum co-doped bioactive glasses  
  
Gallium is used for the cure of hypercalcemia associated with bone tumour 
metastasis. Moreover, Ga3+ can be introduced in biodegradable materials to prevent 
bacterial colonization after surgery, avoiding the systematic administration of 
antibiotics.[1]  
The structural features of bioactive glasses co-doped with Gallium and 
Aluminum have been investigate by MD and compared with those of the original 
45S5 Bioglass. [38] The three-dimensional model obtained for these glasses 
supports the interpretation of the experimental data and provides new insights into 
the different biological behaviours of Ga- and Al-containing phosphosilicate 
glasses. The 4-fold coordination is predominant for Ga whatever interatomic 
potential model is employed, but small amounts of 5- and 6-fold coordinated atoms 
have also been detected.  
Therefore, the intermediate role of Ga in phosphosilicate glasses is supported, 
the network of Ga-containing glasses is less polymerized and more degradable than 
the corresponding ones doped with Al which, on the contrary, plays a network 
former role.  
Small quantities of Ga or Al ions do not change drastically the medium range 
order characteristic of the 45S5 Bioglass. However, the clustering of Ca ions around 
phosphorus is more pronounced in Ga-doped to the Al-doped glasses. The 
formation of insoluble calcium phosphate domains (see Figure 6) leads to more 
durable glasses and together with the enhanced clustering of Ca ions observed for 
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Ga and Al-doped bioactive glasses seems to emerge as a marker of non-bioactive 
behaviour.  
In other words, the formation of inhomogeneous regions due to self-aggregation 
of the Al ions (phenomenon not observed for Ga ions) seems to inhibit the 
bioactivity; the authors furnished as a possible explanation a reduced mobility of 
phosphate groups associated with calcium ions in these segregation domains; as a 
consequence, the kinetics of dissolution is slower than that of the bioactive 
compositions in which isolated phosphates are embedded in a uniform environment. 
 
 
 
Figure 6. Example of calcium phosphate domain found in the Al-containing 45S5 
bioglass. Phosphorous and oxygen atoms are represented in green tetrahedral and 
red balls, while calcium ions in blue spheres. Figure is reprinted with permission 
from ref.[38], copyright 2013 American Chemical Society. 
 
3.3.6 Cerium-bioactive glasses  
 
Recently, it has been reported that Ce-containing bioactive glasses are able to 
inhibit oxidative stress in terms of reduction of hydrogen peroxide by mimicking 
the catalase enzyme activity[73], and the relationship between structure and 
antioxidant and bioactivity properties has been investigated by means of MD 
simulations[73–75]. In fact, it is known that increasing of CeO2 content in the glass 
compositions enhances antioxidant ability at the expenses of bioactivity, since CeO2 
delays the formation of the hydroxyapatite layer[76].  
The results of computational simulations suggest that this behavior can be 
related to the medium-range order of the glass matrix. The preference of Ce ions to 
allocate close to phosphate domains could trigger several phenomena responsible 
of the retard in the release of phosphate ions from the glass network: a) entrap the 
phosphate ions in the glass network reducing the ion release, b) involve the 
phosphate ions in the formation of a stable, insoluble CePO4 crystalline phase 
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observed by XRD analysis after thermal treatment of the glass samples, [76] and c) 
push the Ca ions in the silicate domains thus preventing the formation of calcium 
phosphate domains that can act as crystallization nuclei able to speed up the 
crystallization of Ca3(PO4)2 on the glass surface. 
Therefore, a good compromise between a high bioactivity level and an efficient 
catalase mimetic activity requires a proper adjustment of cerium oxide content in 
the glasses which results in 3.6% and 5.3% molar of CeO2 added to 45S5 bioglass, 
 
 
5. Bioglass Nanoparticles and surface reactivity 
 
5.1 Glass surface 
 
The open silicate network of bioactive glasses allows water molecules to 
penetrate the glass network much more easily than in more polymerized glasses.  
Ab-initio or reactive force-field based studies are needed to describe the 
degradation behavior of a bioactive glass because of the formation of new bonds, 
defects and surface reconstruction that follows exposure of a glass surface. The size 
and time limits of these techniques due to computational costs prompted the 
researchers to verify carefully if the conclusions based on the bulk structure can be 
used to explain the phenomena that in practice take place predominantly on the 
surface. 
The main findings regard the presence at the surface of relatively stable 2-
member rings, which are absent in the bulk of bioactive glasses, whose ring 
distribution is dominated by 4- and 5-membered sites[71,77]. Small rings form by 
linking two neighboring undercoordinated Si atoms with Si-O dangling bonds, and 
represents one of the mechanisms by which unstable units are healed. Indeed, small 
rings on the 45S5 surface have been suggested as stable surface sites which are able 
to guide the nucleation of calcium phosphate on the surface[78,79].  
The high stability of these rings on the surface of the 45S5 Bioglass was 
confirmed by AIMD simulations [80–82]. These simulations showed that some of 
these strained surface sites resist hydrolysis long enough to nucleate calcium 
phosphate precursors, which will then protect them from further reactions[71]. The 
simulations also suggested that the higher stability of small rings on the bioactive 
than the pure silica surface is also due to the presence of more favorable absorption 
sites for water like modifier cations (Na and Ca) and non-bridging oxygens [9]. 
 
5.2 Bioglass Nanparticles 
 
Nanosized bioactive glass particles represent an attractive alternative to glass 
micro-sized particles for hard tissue regeneration. Their small size and large surface 
area lead to higher bioactivity, rapid remineralization, enhanced interaction with 
fibrinogen and cell proliferation, improved mechanical properties and dentin 
remineralisation rate. 
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Classical MD simulations have shown to be useful to investigate the causes of 
the enhanced activity of nanosized samples of bioglasses[75,83]. The number of 
atoms contained, for instance, in an isolated 45S5 bioglass nanoparticle of 5–15 nm 
is of the order of 104–105, a manageable size for classical MD simulations.  
A comparison of the surface structure of a dry 45S5 nanoparticle to that of a 
bulk sample exposing a flat surface has been reported recently[83].  
The results show a key feature of bioactive glasses most beneficial for their 
bioactive behaviour such as high fragmentation of the silicate network is further 
enhanced on the surface of a 45S5 nanoparticle, compared to the bulk glass and to 
the virtually flat surface of a corresponding larger glass substrate. Moreover, the 
mobility of modifier cations and the density of small silicate rings – key features to 
support rapid dissolution and bone bonding processes at the surface – are also 
enhanced at the nanoparticle surface compared to samples of larger size. 
Recently, classical MD simulations have been also used to investigate the 
different antioxidant properties of Ce-containing bioactive glass nanoparticles with 
composition based on the Kokubo’s and 45S5 glasses.[75] This investigation 
revealed that the different catalase mimetic activity of the two glass nanoparticles 
is related to the different Ce3+/Ce4+ ratio exposed at the glass surface. In particular, 
nanoparticles with a similar amount of cerium cations at the surface possess better 
antioxidant properties. 
 
6. P2O2-based bioglass systems 
 
Ternary phosphate glasses in the CaO-Na2O-P2O5 system represent another 
class of biodegradable glasses with a specific bioactivity controllable by varying 
the composition.[84] In fact, their degradation rates in aqueous solutions can vary 
from hours to several weeks. Furthermore, specific biological functions and 
enhanced biocompatibility can be induced by including specific dopants during the 
synthesis.[85–87]  
As a result, phosphate glasses find a lot of applications in biomedicine,[84] such 
as in neural repair, tissue engineering[88] and bone fracture fixation[89] or as 
delivery systems for drugs, nutrients or antimicrobial agents.[90] 
Compared to phospho-silicate bioactive glasses, there have been only few 
molecular dynamics simulations of phosphate based glasses in the CaO-Na2O-P2O5 
system. One of the first investigation was reported by Tang et al.[91] who employed 
AIMD simulations to generate structural models of phosphate bioactive glasses 
with compositions (CaO)x(Na2O)0.55 − x (P2O5)0.45 where x = 0.30, 0.35, and 0.40.  
The structure of these glasses was dominated by Q2 and Q1 species, whereas the 
number of Q3 units, constituting the 3D phosphate network, significantly decreased 
with the calcium oxide content. The calculations revealed that the phosphate 
tetrahedral becomes more rigid with the concentration of calcium, which tend to be 
a stronger coordinator than sodium. Both modifiers were found to assume a pseudo-
octahedral environment with a coordination number of  6.6 and 6.9, respectively, 
independently on the composition. 
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These structural models were then used to validate a new shell model classical 
force-field by Ainsworth et al.[92] that was later exploited to study the factors 
affecting the increased durability observed when CaO substitutes Na2O in larger 
models by the same authors.[93] They observed that Qn distribution and network 
connectivity of the investigated glasses did not change with the composition.  The 
enhanced durability of these glasses when Ca substitutes Na are were interpreted 
by the tendency of calcium atoms to cross-link more phosphate chain and 
orthophosphate fragments with respect to sodium atoms. Figure 7 shows the 
binding of a sodium ion with three phosphate chains observed in their simulations. 
Further, they showed that this increased cross-linking is a consequence of 
calcium’s higher field strength than sodium that make it more prone to bind NBOs 
atoms than Na (6.2 vs 5.4). Because of these differences among the two modifier 
ions when the Ca content increases at the expense of the Na one the structure get 
more compact and the strengthening of the glass leads to the lower dissolution rates 
observed experimentally. 
 
5.1 Fluoride-bioactive glasses 
 
After having disclosed at the molecular level the relationships between the 
calcium and sodium content and the solubility of such glasses the same authors 
focused their attention on the investigation of the structural changes caused by the  
addition of fluorine[94] and silver ions.[95,96] Fluorinated phosphate glasses are 
interesting systems because they combine the bioactivity of phosphate glasses with 
the anti-cariogenic properties of fluoride.  
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Figure 7. The picture shows a Na atom (blue sphere) bound to three phosphate 
fragments. Each picture shows a different phosphate chain bounded to the Na 
central ion. Figure is reprinted with permission from ref. [93], copyright 2013 
American Chemical Society. 
 
The incorporation of fluorine in phospho-silicate glasses has deleterious effects 
on the bioactivity because the silica rich layer formed at the glass surface that trigger 
the precipitation of calcium phosphate is less homogeneous on F-containing 
phosphosilicate glasses than on F-free phosphosilicate glasses, and in certain 
conditions is very thin or even absent.[72] This inhomogeneity was associated to 
the negligible amount of Si-F bonds in such glasses and to the separation of 
phosphosilicate-rich and Na/Ca/F-rich regions on medium range scales.[31,33] 
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Christie et al.[94] showed that in phosphate glasses there is a substantial amount of 
P-F bonds with respect to the amount of Si-F bonds in phosphosilicate glasses. 
Moreover, since the F-P coordination numbers is similar to the F-Na and F-Ca 
coordination numbers the mesoscale segregation observed in fluorinated 
phosphosilicate bioactive glasses is much less important in phosphate glasses. Since 
clustering of modifier atoms is associated with more durable and less bioactive 
glasses,[37] fluorinated phosphate glasses should be more bioactive than the 
phosphosilicate counterparts. Christie et al. showed that when fluorine bonds to 
phosphorous the tetrahedral structure of the latter is preserved since F replaces one 
of the oxygen atoms in a P-O bond. Moreover, since bridging oxygens are replaced 
by non-bridging F ions with fluoride addition a slight decrease in the network 
connectivity with F content was also observed.  
Finally, based on their AIMD simulations, they concluded that fluorinated 
phosphate glasses are a better alternative to Fluorinated phosphosilicate glasses 
since the incorporation of fluorine does not cause structural changes that would 
affect their bioactivity. 
 
5.2 Silver-bioactive glasses 
 
 Another ion incorporated in phosphate-based bioactive glasses is silver that is 
known to have biocidal effects and thus can be incorporated to prevent or cure 
infections that can occur at the prosthesis interface once implanted in the body.[97] 
Ag-doped phosphate glasses has a wide range of bactericidal activity against a lot 
of bacteria[98] thanks to the involvement of the Ag+ ions on the respiratory chain 
processes of bacteria and since it reduces the integrity of bacterial membranes.[99] 
Experimentally, it was observed that the enhancement of Ag concentration in 
glasses of composition (P2O5)0.5(CaO)0.30(Na2O)0.20-x(Ag)x (x=0.00-0.05) reduces 
the glass dissolution, silver ion release and the bactericidal activity.[100] Therefore, 
this activity leans on a continuous provision of silver in solution, which in turn 
depends on the bulk and surface structure as well as ionic diffusion and kinetic of 
dissolution. 
A first attempt to understanding the dissolution phenomena in silver-doped 
phosphate glasses, from first-principles and classical MD simulations, was done by 
Ainsworth et al.[95] They investigated the short- and medium-range structure of 
phosphate glasses with varying amount of Na and ca ions and from 0 to 20 mol% 
of Ag2O, and tried to correlate the structural changes caused by the incorporation 
of silver into the glass. 
They found that Ag ions have negligible effect on short range order of 
phosphorous. In these glasses Ag plays a network modifier role and was found to 
assume a distorted octahedral and trigonal bipyramidal geometry with about 5.5 
oxygens  and bond lengths of 2.5 Å. A disproportionation reaction (2Q2 - Q1 + Q3) 
was observed upon when silver ions replaced CaO, but not on silver-doping via 
Na2O substitution. Since the network connectivity and the number of phosphate 
chains bounded to silver and sodium is was roughly the same,[96] they associated 
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the increased durability of glasses in which silver replaces sodium to the differences 
between le local bonding of the two ions. 
 
7. Final remarks 
 
In the last decade, both classical and ab initio MD simulations have been 
successfully employed to shed light on the structure and properties of silicate, 
phosphosilicate and phosphate glasses. In this brief overview, we have showed how 
such techniques have been applied to investigate the structure-bioactivity 
relationships and to rationalize the effect of the inclusion of several doping ions on 
the structure and properties of bioactive glasses. 
Albeit a lot of progresses have been achieved in the last years to better 
understand key steps related to the dissolution processes and to design new active 
compositions with specific properties some improvements in the computational 
procedures have to be reached. Some challenges remain especially for the 
production of reliable surface structures of bioactive glasses with different 
compositions and these must be coupled with a proper investigation of the surface-
water interactions as a function of simulation time. The investigation of the affinity 
between bioactive nanoparticles and blood plasma proteins will be of primary 
importance to have information on the fate of glass nanoparticles with specific 
medical properties once injected in the blood stream. However, because of the 
prohibitive space and time scales that must be spanned the possibility of using 
coarse grain MD simulations must be exploited. Moreover, since in the dentistry 
field glass ceramics are mixed with polymeric materials to produce hybrid matrices 
known as glass ionomer cements future promising directions will be to simulate 
such systems and their mechanical properties. 
Despite these challenges, MD simulations is (and will be) certainly a powerful 
tool for scientists engaged in the research of new bioactive glass compositions.  
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